8ha at the crests [Crough, 1978 , Haxby and Turcotte, 1978 , Detrick et al., 1981 , Von Herzen et al., 1982 , Detrick et al., 1986 .
The study of hotspot swells is important in terms of understanding the evolution of oceanic lithosphere, as hotspot swells comprise up to 30-50% of tho--t-otnt oceanic lithosphere [Crough, 1983] Crough, 1978 , Watts, 1980 , Crough and Jarrard, 1981 , McNutt and Shure, 1986 . The difficulty with these models has been the mechanism of heating.
Although thermal conduction is successful in explaining the evolution of the Hawaiian swell after heating, it is almost impossible to produce more than 1000 meter uplift in a few million years as is observed in the Hawaiian swell by purely conductive heating.
In most thermal models the problem of uplifting rate is either4o_ ignored or bypassed [Derrick and Crough, 1978, Derrick et al., 1986) . Our understanding of the structure of the mantle plume underneath the plate is even more rudimentary.
In this work we present the results of numerical simulation of the evolution of midplate [Von Herzen et al., 1982 , Derrick et al., 1986 . In other words the heat flux at the lower boundary is only a function of r and t: q = q(rJ, z=L).
We will refer to this case as the model of pure conduction. The second case assumes a strong mantle plume. The plume heats the plate and is able to remove the lithospheric material as soon as its temperature reaches the mean temperature of the plume. The lithosphere is therefore mechanically thinned and the lower boundary heat flux is a function of r,t, as well as z: q = q(r,t,z).
We will refer to this case as the model of convective thinning. 
--Jo aAT(z,r,t)dz
(3)
where Pm and Pw are the density of the mantle and the sea water, respectively, AT is the thermal perturbation, a is the volumetric thermal expansion coefficient, and z e is the depth of isostatic compensation, i.e., above ze each column has the same amount of mass.
Theoretically, z c should be at the depth of the plume source region, which we do not know.
In previous reheating models z e is usually taken as the initial depth of the lithosphere [Mareschal, 1981 , McNutt, 1986 . In dynamic support models, the dominant supporting force is the thermally induced buoyancy force and the formula for calculating the topography is similar to equation (3), except that z e is taken to be 700 kin, the assumed depth of upper mantle convection [Parsons and Daly, 1983, McKenzie et al., 1980] . The key point to notice here is that the topography, geoid anomaly and anomalous heat flow result mainly from the temperature perturbation, as one can see from equation (3), as well as equations (4) and (5) (5)
Az are the temperature and distance between the top two rows of the In the following two sections we will discuss the formation of the Hawaiian swell and the Bermuda rise separately. Physical parameters used in these models are summarized in t_Table
The Hawaiian swell is one of the best studied midplate swells. The broad area of shallow ocean floor surrounding the Hawaiian islands was first reported by Deitz and Menard [1953] .
The Hawaiian-Emperor seamount chain, which extends 3500 km across the central Pacific Ocean, was suggested to be the result of the oceanic plate moving over a melting point or mantle plume [Wilson, 1963 , Morgan, 1972 . Most swell models were developed in an attempt to explain the formation of the Hawaiian swell [Walcott, 1970 , Watts, 1976 , Detrick and Crough, 1978 . The delayed rise in the heat flow, which is near normal 2 mW/m 2) around Hawaii but increases to about 25% higher than background at Midway, as well as the downstream subsidence of the swell [Detrick et ai., 1981 , Von Herzen et al., 1982 , leaves little doubt that the swell is of a thermal origin. The difficulty with the thermal models has been the rapidity with which the topographic expression of the swell establishes itself. In our modelsthe time of beginningof heatingis taken when the plate first meetsthe o'edge(definedas 2}) of the Gaussian shapedheatsource. It shouldtake a few million yearsto producea swell obviousin seafloortopography, about200 meters. Thereforethe heatingtime in our modelshouldbe a few million yearslongerthanthat measured from the edgeof swells.
_,--This//; however,can not easethe difficulty associated with the pureconductiveheatingmodel.
JS
_/,_ t', .... , __'-a-(i., /-h_ ome kind of convective heating in the lower lithosphere seems necessary.
/,
The problem of uplift rate can be easily solved using the model of convective thinning.
Some of the results are presented in Figure 3 . Although the topography, geoid anomaly and heat flux around the Hawaiian islands may be explained by various models, the successful models should also explain the changes of topography and heat flow anomaly downstream along the Hawaiian volcanic chain [Crough, 1983] . Fig. 3 at the young part of the swell, but higher than those observed at the old part of the swell, as one can see in Figure 3 . The modeled topography has the same problem though.j_ less obvitn_. Similar problems are seen in previous thermal models [Iron Herzen et al., 1982] .
A The best explanation for this is probably the neglect of magmatic activity in these models.
• " " sills and dikes are undoubtedly associated with the formation of hotspot swells. This would increase the heat input at the young part of the swell and explain the higher heat flow and topography than the predicted values.
As a consequence of this, the heat is brought to the surface more quickly and results in lower heat flow and topography than A predicted for the old part of the swell. Figure 4 shows the evolution of the thermal structure [Crough, 1978] . The modeled value fits-well/to" the Hawaiian data (Fig. 5) . The curvature of the geoid anomaly-topography correlation reflects the fact that the lithosphere is thinned more at the center of the swell than at its margins. Compensation depth at the center _predicted by this model is 60-70 kin, which agrees with previous wor_-_Crough, 1978 , McNutt, 1986 . Figure 6 shows the contour maps of topography, geoid anomaly and heat flow anomaly of the Hawaiian swell predicted by this model. Ttris--ma_s-a-_ref-er-ocree--for-fqa_her- 
In our case q is the heat flux across the lower boundary of the lithosphere, [Detrick et al., 1986] . The characteristics of the Bermuda rise include residual topography of 800-1000 meters at the peak, associated with a geoid anomaly of 6-8 m and a heat flow anomaly of 8-10L-P_*/"J-r" f mW/m 2. These features are very similar to those of the swells surrounding recent volcanic islands, such as Hawaii, and may indicate a similar origin as that of Hawaiian swell, despite the lack of recent volcanic activity [Crough, 1983 , Detrick et al., 1986 Figure  7 (curve A). The squares in Fig. 7 represent the constraints on the history of the Bermuda rise [Tucholke and Mountain, 1979, Reynolds and Aumento, 1974] . The lower limits of these squares are largely arbitrary, but the upper limits are well constrained.
Since the present uplift is 800-1000 meters, and since no more than 200 meter subsidence has occurred, the maximum uplift of Bermuda rise was likely no more than 1300 meters. It is clear from Figure  7 , curve A, that both the predicted uplift and the subsidence are too large. The heat flow anomaly predicted by this model is even worse. It is about 40 mW/m 2, 4 times of the observed value! A simple I -'----reduction of the strength of the heat source cannot solve the problem. The fact that less than 100-200 m of subsidence occurred in the last 25 million years indicates that the plate was c_./
/_----'_still
heated for most of that period (/otherwise more than 500 meter subsidence would be predicted by the half-space cooling model), in which case a heat flow anomaly higher than ./----20 mW/m z would be predicted-by the convective thinning model, even when the mean temperature of the plume current is set as low as that of the surrounding mantle.
The Bermuda data clearly indicate a slow heating process with a thick conductive lid. It is interesting to see that the model of pure conduction, which failed to explain the Hawaiian swell, may play a dominant role in the formation of the Bermuda rise. Curve B in Figure 7 is one result of conductive heating. The heat source introduces heat flux about two times higher than the background value, and the half wavelength is 350 km. The predicted uplift satisfies the constraints quite well. The predicted geoid anomaly is .5 meters at the peak, in the observed range of 6-8 meters.
The heat flow anomaly predicted by this model is about 14 mW/m 2, slightly higher than the 8-10 mW/m 2 observed value. The compensation depth predicted by this model is 55-70 km. Figure 8 compares the modeled and observed heat flow anomaly patterns across the Bermuda rise. The predicted maps of the residual topography, heat flow anomaly and geoid anomaly for a slow moving plate are shown in Figure 9 . The contours Page 15 are more circular than those of a fast moving plate (see Figure 6 ). This is due to a greater contrast of the heating history for the different parts of the fast moving plate. Mantle plumes f-swept by the moving plate would also cause t-_ similar phenomena, but this problem is more complicated and beyond the scope of this work.
(For a simple kinematic model for this problem, see Sleep, [1987] ).
DISCUSSION
We have shown that both conductive heating and convective thinning play important roles in the evolution of hotspot swells. The mechanism of heat transfer at the base of lithosphere depends on the strength of the mantle plume. The Hawaiian swell is probably produced by a strong mantle plume with a flow rate 3-9 times higher than the background convection. This plume heats and removes the material of the lower lithosphere, producing a rapid uplift of more than 1000 meters in 6-10 million years. White, 1985 , Kurz et al., 1982 .
Through combined studies of chemical and physical parameters of mantle plumes, we may be able to shed some light on the formation and the source region of various mantle plumes through inverse modeling. 3) The Bermuda rise is probably the result of a slow moving plate heated by a relatively weak mantle plume.
The plume is too weak to remove lithospheric material effectively.
Conduction is the dominant mechanism of transferring heat into the plate. The radial velocity of the plume is about 2 times higher than that of the background convection.
The maximum perturbing heat flux is 2-4 times that of the background value. The compensation depth is similar to that of the Hawaiian swell. See the text for further discussion. Heat Flow Anomaly (rnW/m,rn) -.5,00 OX"O 5_3D 10,00 15;00 .20,00 
